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A B S T R A C T
The role of natural convection on solid-liquid interface motion during constrained melting
within a horizontal cylindrical capsule was investigated. A numerical code is developed using an
unstructured ﬁnite-volume method and an enthalpy porosity technique to solve for natural
convection coupled to solid-liquid phase change. Flow patterns for diﬀerent Rayleigh numbers
are presented. The resulting melt shapes and the temperature in the PCM provide conclusive
evidence of the importance of natural convection on heat transfer in the melt region.
1. Introduction
Heat transfer during melting and/or freezing of a phase change material (PCM) has attracted considerable attention over the past
several decades due to its relevance to many technological applications such as latent-heat energy storage systems, solar energy
systems, casting and crystal growth processes [1,2].
Divers papers have examined various aspects of melting and freezing phenomena both from the fundamental as well as
applications point of view [3,4]. The non-linearity of the governing energy equation and a wide variety of geometric and thermal
boundary conditions provide a fertile ground for challenging basic research problems [5,6]. Also, numerous industrial applications
in diverse industries provide the necessary incentive for engineering research and development [7,8]. Time-dependent boundary
conditions, under some conditions can lead to interesting and unique multiple moving boundaries as well.
Although a number of experimental and numerical studies have been devoted to convection dominated melting of a PCM for
various geometric conﬁgurations, particular attention is given to melting in a horizontal cylinder as a model for thermal energy
storage system [9–16]. A number of numerical and analytical studies have been performed in an attempt to model the melting
phenomenon in a horizontal cylinder based on the Boussinesq approximation [17–23]. Saitoh and Hirose [17] presented
experimental results which show convexed solid-liquid interface at the bottom of the unmelted solid during the melting process.
Rieger et al. [18], Ho and Viskanta [19] and Yoo and Ro [20] investigated experimentally the evolution of the solid-liquid interface
during melting of a PCM contained in a horizontal cylinder. They showed concaved interface numerically and experimentally.
Prasad and Sengupta [21]studied numerically the unconstrained melting of a PCM inside an isothermal horizontal tube. The
model evaluated the irregular, temporal shape of the solid–liquid interface, the downward traveling motion of solid PCM due to
density diﬀerence, and natural convection in the liquid phase.
A numerical investigation of melting of a phase change material inside a horizontal cylindrical capsule that is heated isothermally
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was presented by Park et al. [22]. An initial disturbance was introduced for the sake of examining its eﬀect on the solution for two
values of the Rayleigh number. The results exposed that at Ra=106, the ﬂow was unicellular, but when the Rayleigh number was
increased to 8.106, two branching solutions (bi-cellular and tri-cellular ﬂow) were obtained according to the type of initial
disturbances. Ro and Kim's [23] showed, by using the numerical analysis, that both interface shapes are possible.
Chung et al. [24] analyzed numerically by the enthalpy method the multi-cell structure and the thermal instability at the early
stage of the melting process in a horizontal cylinder heated isothermally for a relatively wide range of the Rayleigh numbers. The
results exposed that at the low Rayleigh number, the ﬂow in the liquid gap is in the stable state as the viscous force dominates. The
intermediate Rayleigh number brought about the onset of the Bénard convection that depends on the strength of the base ﬂow under
development and interaction between the two ﬂows determines the ﬂow pattern afterwards. At the high Rayleigh number, the
Bénard convection shows an orderly behavior without being aﬀected by the base ﬂow.
It is interesting to note that few report [23] for the melting process inside a horizontal cylinder for the high Rayleigh number has
been found even though the thermal instability at the initial stage depends strongly on the Rayleigh number.
This study aims to investigate numerically the natural convection dominated melting of a PCM within a horizontal cylindrical
capsule for Rayleigh numbers in the range Ra10 ≺ ≺104 8. The enthalpy-porosity method is employed where the interface solid-liquid is
implicitly determined in the calculation domain. A numerical code is developed using an unstructured ﬁnite-volume method and to
solve for natural convection coupled to solid-liquid phase change.
2. Physical model and basic equations
As depicted in Fig. 1, the problem considered is the melting process of a PCM at initial temperature of Ti in a horizontal cylinder
whose wall temperature is Tw above the melting temperature Tm. The gallium is chosen as the test PCM. The thermophysical
properties are listed in Table 1. Unsteady two-dimensional melting of PCM is governed by the basic laws represented by the
Fig. 1. Schematic diagram of the inward melting process in a horizontal cylinder.
Nomenclature
c speciﬁc heat capacity (J kg−1 K−1)
f liquid fraction
g→ the acceleration of gravity vector ( m s−2)
LF melting heat (J kg−1)
Nu Nusselt number
p pressure (Pa)
S surface (m2)
T temperature (°C)
t time (s)
u→ velocity vector ( m s−1)
V control volume (m3)
x coordinate (m)
Greek symbols
τ the viscous stress tensor
λ thermal conductivity (W m−1 K−1)
Γ diﬀusion coeﬃcient
μ dynamic viscosity (kg m−1 s−1)
ρ density(kg m−3)
β the coeﬃcient of volumetric thermal expansion
(K−1)
Subscripts
i initial
m melting
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continuity, momentum and energy equations and by the following assumptions:
– The thermophysical properties of the PCM are constant but may be diﬀerent for the liquid and solid phases.
Table 1
Physical properties of pure gallium.
Density (liquid) 6093 kg m−3
Reference temperature 29.78 °C
Volumetric thermal expansion coeﬃcient of liquid 1.2 10−4 K−1
Thermal conductivity 32 W m−1 K−1
Melting temperature (Tm) 29.78 °C
Latent heat of fusion 80,160 J kg−1
Speciﬁc heat capacity 381.5 J kg−1
Dynamic viscosity 1.81 10−3 kg m−1 s−1
Prandtl number 2.16 10−2
Fig. 2. Melting front positions at several instants.
Fig. 3. Liquid fraction versus time.
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– The Boussinesq approximation is valid, i.e., liquid density variations arise only in the buoyancy source term, but are otherwise
neglected.
– The melting of PCM will be symmetric.
– The liquid is Newtonian and incompressible.
Fo = 2.20
Fo= 11.013
Fo= 16.519
Fo= 27.533
Fig. 4. Stream lines, temperatures contours and interfaces liquid-solid at various times (Ra=3·104).
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– The ﬂow is laminar and two-dimensional.
Then the conservation equations in their respective integral forms are:
Fo= 0.91
Fo= 2.73
Fo= 5.461
Fo= 7.281
Fig. 5. Stream lines, temperatures contours and interfaces liquid-solid at various times (Ra=5·106).
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∫ u n dS→. → = 0
S (1)
Fo= 0.072
Fo= 0.182
Fo= 0.364
Fo= 0.782
Fig. 6. Stream lines, temperatures contours and interfaces liquid-solid at various times (Ra=4·107).
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where u→ is the velocity vector, p the pressure and T the temperature. τ is the viscous stress tensor for a Newtonien ﬂuid:
τ μ u u= (∇ + (∇ ) )T (4)
The integration occurs over a control volumeV surrounded by a surface S, which is oriented by an outward unit normal vector n→.
The source term in Eq. (2) contains two parts:
Fig. 7. Local Nusselt number at various times (Ra=3·104).
Fig. 8. Local Nusselt number at various times (Ra=5·106).
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A ρ β T T g A u⎯→⎯ = ( − )→ + →U m (5)
where β is the coeﬃcient of volumetric thermal expansion and g→ the acceleration of gravity vector. The ﬁrst part of the term source
represents the buoyancy forces due to the thermal dilatation. Tm is the melting temperature of the PCM. The last term is added to
account for the velocity switch-oﬀ required in the solid region. During the solution process of the momentum ﬁeld, the velocity at the
computational cell located in the solid phase should be suppressed while the velocities in the liquid phase remain unaﬀected. Also, as
the solid region melts the mass in the corresponding computational cell should begin to move. The present study adopts a Darcy-like
momentum source term to simulate the velocity switch-oﬀ [24,25]
A C f
f ε
= − (1 − )
+
2
3 (6)
The constant C has a large value to suppress the velocity at the cell becomes solid and ε is small number used to prevent the
division by zero when a cell is fully located in the solid region, namely f = 0. In this work, C = 1 × 1015 and ε = 0.001 are used.
3. Numerical procedure
The conservation Eqs. (1)–(3) are solved by implementing them in an in house code. This code has been successfully validated in
several situations involving ﬂow and heat transfer as in [26–29]. The present code has a two dimensional unstructured ﬁnite-volume
framework that is applied to hybrid meshes. The variables values are stored in cell centers in a collocated arrangement. All the
conservation equations have the same general form. By taking into account the shape of control volumes, the representative
Fig. 9. Local Nusselt number at various times (Ra=4·107).
Fig. 10. Liquid fraction for two Rayleigh numbers.
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conservation equation to be discretized may be written as
⎡
⎣⎢
⎤
⎦⎥∫ ∫ ∫∑
d
dt
ρ φ dV ρ u φ Γ φ
x
dS S dV+ − ∂
∂
=
V i S
i φ
i
i
V
φ
j (7)
which has four distinctive parts: rate of change, convection, diﬀusion and source (the mass conservation equation, however, does not
have a diﬀusion term). The rate-of-change and source terms were integrated over the cell volume, whereas the convection and
diﬀusion terms formed the sum of ﬂuxes through the control volume faces.
Solidiﬁcation and melting are generally transient phenomena, where the explicit schemes are too restrictive owing to stability
limitations. Hence implicit schemes are often preferred and the simplest choice is the ﬁrst order Euler scheme. The cell face values,
appearing in the convective ﬂuxes, were obtained by blending the UDS (upwind diﬀerencing scheme) and the CDS (central diﬀerence
scheme) using the diﬀered correction approach [26]. The coupling of the dependent variables was obtained on the basis of the
iterative SIMPLE algorithm [30,31].
Summation of the ﬂuxes through all the faces of a given CV (Control Volume) results in an algebraic equation which links the
value of the dependent variable at the CV center with the neighboring values. The equation may also be written in a conventional
manner as
∑A φ A φ b= +P P
nb
nb nb φ
(8)
The coeﬃcients Anb contain contributions of the neighboring CVs, nb, arising out of convection and diﬀusion ﬂuxes as deﬁned by
Eqs. (1)–(3). The central coeﬃcient AP on the other hand, includes the contributions from all the neighbours and the transient term.
In some of the cases, where sources term linearization was applied, it also contained part of the source terms. bφcontains all the terms
those are treated as known (source terms, diﬀered corrections and part of the unsteady term).
The evaluation of the source term in the energy equation has been made using the new source algorithm proposed by Voller [32]
where the new value of f at each outer iteration n+1 in cell P is calculated as follows:
f f A t
ρ L V
T T= + Δ ( − )Pn Pn
P
n
F
P m
+1
(9)
This update is followed by an overshoot/undershoot correction:
⎪
⎪
⎧
⎨
⎩
f
if f
if f
=
0 < 0
1 > 1P
n P
n
P
n
+1
+1
+1
(10)
Inner iterations are stopped when the 1-norm of residual is reduced by a factor set to 10−8 for u and energy equations, and to
10−6 for the pressure correction equation. The convergence criterion for outer iterations is based on a total number of outer
iterations rather than a prescribed value for the residual. The choice of total number of outer iterations is based on the monitoring of
the outer iteration errors (ratio of the norms of the diﬀerence between two consecutives iterates ϕ ϕ−n n+1 and the diﬀerence
between the ﬁrst two iterates. The time steps used for the calculations vary from tΔ = 1 s down to 0.001 s.
4. The code validation
The present code has been successfully validated in several situations involving ﬂow and heat transfer as in [26–29]. We focus
here on the validation of the code in the case of the melting of a pure PCM coupled to the natural convection in the melt. The chosen
test case is the two-dimensional numerical benchmark presented by Hannoun et al. [33] that concerns the melting of tin in a square
cavity subject at one side to a temperature higher than the melting temperature. The authors have presented extensive results
obtained with second order accurate ﬁnite volume method, in structured meshes as ﬁne as 600×600. We carry out a numerical
simulation in the same conditions as in [33] and with the same material properties, using a uniform grid 350×350 of size. In Fig. 2
we plot the melting front at diﬀerent times.
We present also in Fig. 3 the total liquid fraction in the whole square cavity. All of these results are compared to those of [33] and
exhibit a satisfactory correspondence.
5. Results and discussion
Using the above-described model, simulations were carried out for melting of a PCM (Gallium) within a horizontal cylinder.
Numerical investigations were conducted using 85,000 cells and the time step of 10−3 s was found to be suﬃcient to give accurate
results.
The eﬀect of the melting process on the streamlines, temperature contours and the solid-liquid interface for diﬀerent Fourier
number is gauged through the result illustrated in Fig. 4. During the early phase the liquid is conﬁned between the rigid heated
cylinder and a concentric moving solid-liquid interface. Inspection of the ﬁgures reveals that at early times the melt regions are
similar in shape and that when heat transfer to the gallium is predominantly by conduction the melt region is symmetrical about the
axis of the cylinder. After some time natural convection develops and intensiﬁes, inﬂuencing the melt shape in general and the melt
region above the cylinder in particular. Natural convection conveys the hot liquid to the upper part of the melt zone and in this
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manner continues to support the upward movement of the solid-liquid interface.
At low Rayleigh number (Ra=3·104) the solid-liquid interface is approximately concentric inside the cylinder (see Fig. 4). We can
also note that during the melting process the ﬂow changes into a totally diﬀerent pattern as in Fig. 4 which shows the ﬂow transition
from the base ﬂow (single-cell) to the three-cell ﬂow at the intermediate stage and ﬁnally to the two cell ﬂow as time elapses.
Figs. 5 and 6 display the ﬂow behavior during the melting process for Rayleigh numbers of 5·106 and 4·107 respectively. After the
conduction dominating stage, a complex structure of the ﬂuid dynamics characterized by a multi-cellular ﬂow patterns. The number
and the size of the cells are dependent on the size of the molten phase. At Fo=5.461, four counter-rotating cells are captured for
Ra=5·106 (see Fig. 5). As the liquid layer increases, the number of rolls decreases. So at Fo=7.281, when the liquid ﬁlls nearly the half
of the cylinder, two counter-rotating rolls are obtained. This phenomenon is very similar to the Bénard convection due to the thermal
instability because the solid-liquid interface and the cylinder bottom wall can be approximated as two ﬂat plates as far as the liquid
gap between these two surfaces is narrow enough. This phenomenon leads then in the sequel of calculations to the development of
the abovementioned roll cells. The establishment of these vortices inﬂuences the melting kinetics of the whole system. Especially the
heat transfer in the lower part of the melting gap is greatly improved which results in a “moonshaped” melting contour. We can also
observe that the ﬂow in the liquid zone remains in the stable state at low Rayleigh number. At the high Rayleigh number, the Bénard
convection presents an orderly behavior without been aﬀected by the base ﬂow.
The local Nusselt number at the hot walls is an ideal indicator showing how convection inﬂuences overall conduction through the
cylindrical capsule:
Nu h L
λ
= . ref
(11)
where Lref is the reference length, λ is the thermal conductivity and h is the heat transfer coeﬃcient:
h q
T T
=
−w ref (12)
q is the convective heat ﬂux, Tw is the wall temperature, and Tref is the reference temperature.
The eﬀect of the Rayleigh number on the local Nusselt number at various angular positions along the cylinder surface for several
Fourier numbers is shown in Figs. 7, 8 and 9. For low Rayleigh number (Ra=3·104), the Nusselt number is approximately constant at
the early stage of the melting process. This result conﬁrms that at early times, heat transfer in the melt zone predominantly by
conduction. Sudden drops of the Nusselt number appear at times corresponding to roll pairings. The drops are more pronounced for
Ra=5·106and Ra=4·107.These results can be explained by the fact that the higher Rayleigh number is associated with strong natural
convection velocities resulting in higher heat transfer rates along the cylinder surface.
It is interesting to note that the rate of melting is one of the most important parameters of the problem. The time evolution of the
total liquid fraction (ratio of volume of melt to volume cavity) is a factor that has been widely used as a monitoring parameter in
earlier publications.
From the liquid fraction versus time plot, one can get both the rate melting (slope of the tangent line at a given time) and the
average melting rate (ratio of current liquid fraction and time). Fig. 10 shows the time evolution of the total fraction of the liquid in
the cylindrical capsule for two Rayleigh numbers. We note that as Rayleigh number increases the PCM inside the cylinder melts
faster. We can also note that, once the convection is established, the variation of the liquid fraction with time seems to be linear.
6. Conclusion
This paper investigates numerically the eﬀect of the Rayleigh number on the natural convection during the melting process
within a horizontal cylinder. It is found that the melting process of PCM is dominated by conduction at early stages indicated by
concentric solid–liquid interfaces parallel to the circular heated wall. At later times, natural convection is augmented and this aﬀects
the shape of the melting front and consequently results in unsymmetrical melting about the horizontal axis of the capsule. The
numerical results indicate also that for low Rayleigh number, the ﬂow in the melting zone remains in the stable state as the viscous
force is dominant. At the high Rayleigh number, the Rayleigh-Bénard convection indicates an orderly behavior without been aﬀected
by the base ﬂow.
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